Radiative corrections and parity nonconservation in heavy atoms by Milstein, A I et al.





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIG. 1: (a) Leading contribution to the PNC matrix element.
(b-f) Radiative corrections. The double line is the exact elec-
tron Green's function in the Coulomb eld of the nucleus, the
cross denotes the nucleus, the zigzag and the dashed lines de-
note Z-boson and photon, respectively.
where b = exp(1=(2)   C   5=6), C  0:577 is the Eu-
ler constant, and f  1 is some smooth function of Z
independent of r
0
. Hereafter we denote by Æ the relative
value of the correction. So, Eq. (1) represents the ratio
of diagrams Fig.1(b) and Fig.1(a).
The renormalization of the nuclear weak charge Q
W
from the scale of the W-boson mass down to q = 0 was
performed in Refs. [13, 14]. However, as it has been
pointed out in Ref. [17], atomic experiments correspond
to q  1=r
0
 30MeV. The correction due to renormal-
ization from q = 0 to q = 1=r
0
is described by diagrams















)   0:1% ; (2)
where 
W






Diagrams Fig.1(e) and Fig.1(f) correspond to the con-
tributions of the electron self-energy operator and the
vertex operator, respectively. Each of these diagrams is
not invariant with respect to the gauge transformation
of the electromagnetic eld while their sum is gauge in-
















) +B ; (3)
where A and B are some functions of Z, and the con-
stant b is dened after Eq.(1) In the present paper we
derive the functions A and B analytically in the leading
approximation in the parameter Z, when A / (Z)
2
and B / (Z).
The simplest part of the work is calculation of the
(Z) contribution to B. It is convenient to use the
Fried-Yennie gauge [22] together with the eective oper-
ators approach [23] where the corrections under discus-
sion coincide with that for the forward scattering am-
plitude, see Fig.2. The result of our calculation for the








FIG. 2: (Z) self-energy and vertex radiative corrections.
The zigzag line denotes Z-boson, and the dashed line denotes
photon.
For calculation of the function A (the logarithmic part
in Eq. (3)) we have used the Feynman gauge. There
are two contributions to A, the self-energy contribution,
A
SE
, given by the diagram Fig.1(e), and the vertex con-
tribution A
V
given by Fig.1(f). It is convenient to repre-
sent the self-energy operator as a series in powers of the







see Fig.3, and perform calculations in the momentum
space. Distances r
0




FIG. 3: The electron self energy expanded in powers of the
Coulomb eld. The solid line is the free electron Green's func-
tion, the cross denotes the nucleus, and the dashed line de-
notes the photon.
terms come from correspond to momentam p 1=r
0
,
where m is the electron mass. Therefore, the mass and
the electron binding energy can be neglected in electron
propagators. It is necessary to make the ultraviolet reg-




. Each of the op-
erators depends on the parameter of the regularization.









independent of the regularization parameter because of
the Ward identity. The operator 
2
does not require any


































  3) : (5)
Next is the logarithmic contribution of the vertex op-
erator described by Fig.1(f). The coordinate representa-
tion is the most convenient for this part of the problem,
and we use this representation. We have also used an
integral representation of the Green function derived in
Ref.[24] (see also Ref. [25]). Keeping in mind the contact
nature of the PNC interaction and the logarithmic accu-
racy of the calculation, one can demonstrate that only the
angular momentum j = 1=2 is signicant in the partial
expansion of the electron Green's function in the exter-






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4electron weak interaction [17]. Using these theoretical
results we obtain from the data [4] the following value of
the nuclear weak charge Q
W








This value agrees with prediction of the standard model,
Q
W
=  73:09  0:03, see Ref. [5]. We have used the
neutron skin correction in our analysis. However, in our
opinion, status of the correction is not quite clear because
data on the neutron distribution used in Ref. [32] are not
quite consistent with the data on neutron distributions
obtained from proton scattering, see e. g. Ref. [33].
In the analysis for Tl we have included the theoreti-
cal value of the PNC amplitude from Refs. [6], as well
as  0:88% correction due to the Breit interaction [34],
 0:51% radiative correction calculated in the present
work,  0:2% neutron skin correction,  0:08% correction
due to the renormalization of Q
W
from the atomic mo-
mentum transfer q  30MeV down to q = 0 [17], and
+0:01% contribution from the electron-electron weak in-
teraction [17]. Using these theoretical results we obtain
from the data [3] the following value of the nuclear weak
charge Q
W
at zero momentum transfer







This agrees with prediction of the standard model,Q
W
=
 116:7 0:1, see Ref. [5].
Concluding, we have calculated analytically for the
rst time all the strong electric eld radiative corrections
to the eect of atomic parity violation. This calculation
has allowed us to perform a consistent analysis of the ex-
perimental data. Agreement with the standard model is
within 0:5.
A.I.M gratefully acknowledge School of Physics at the
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